ABSTRACT. A systematic study of the growth process of LaMnO 3 (LMO) thin films, by pulsed laser deposition, on top of SrTiO 3 substrates under different oxygen partial pressures (PO 2 ) is reported. It is found that the accommodation of the orthorhombic LMO phase onto the cubic STO structure, i.e. the amount of structural strain, is controlled by background oxygen pressure.
INTRODUCTION
The LaMnO 3 (LMO) perovskite compound has gained renewed interest for being an essential building block in some heterostructures showing emerging phenomena as, for instance, unexpected exchange bias in LaMnO 3 /LaNiO 3 multilayers 1 or the evidence of ferromagnetism (FM) at the interface of LaMnO 3 /SrTiO 3 2-3 or LaMnO 3 /SrMnO 3 4 heterostructures. Irrespective to the growth conditions used in those works, LMO layers were reported to exhibit robust FM behaviour in contrast to the antiferromagnetic (AF) character of the ground state of the stoichiometric LMO bulk material, where Mn 3+ magnetic moments are arranged in an A-type AF ordering. [5] [6] [7] This unexpected FM character has been often detected in LMO films and in spite of several attempts to explain it, its origin is still unclear. First, it is known that LMO perovskite structure cannot accommodate oxygen excess at interstitial positions and thus, it must be accommodated by the creation of La and/or Mn vacancies. 5 In this scenario, to compensate the charge unbalance, a Mn 3+/4+ mixed valence state is invoked and therefore, the observed ferromagnetism is simply explained by a double exchange mechanism with the concomitant tendency to metallic behaviour, similar to doped manganites. [8] [9] [10] However, this explanation is in contradiction with some experimental results evidencing a FM-insulating (I) behaviour that should be excluded in a canonical double exchange model. [11] [12] [13] [14] To solve this puzzling situation several extrinsic origins have been proposed to account for the observed FM behaviour. Most of them are based on a non-stoichiometric La:Mn relationship 8, 12, 14 and a multiple double exchange mechanism by the creation of Mn 2+ ions. [15] [16] On the other hand, strain effects due to the film/substrate mismatching have also been invoked in some cases. As shown by theoretical studies, strain may lead to different patterns of octahedral distortions, either by Jahn-Teller distortions or by oxygen octahedral rotations, thus promoting selective magnetic/orbital 4 arrangements. [17] [18] [19] [20] [21] Therefore, since magnetic and orbital ordering in LMO are directly corelated to the particular arrangement and configuration of the MnO 6 octahedral framework, it is clear that strain may strongly affect its magnetotransport properties. 6, 22 This possibility has raised new interest since strain-induced FM has already been reported in other manganese thin films. Quite recent first-principle calculations suggest that, in fact, FM-I could be an intrinsic ground state in these manganese oxides under some given values of biaxial strain. 23 In this scenario, the change in the magnetic order (AF/FM) would be explained as due to the occurrence of a novel 3 2 − 2 / 2 − 2 alternated orbital ordering that is stabilized in the distorted MnO 6 octahedra of the strained LMO monoclinic cell.
In this work we report on the magnetic, transport and structural properties of LMO thin films grown on SrTiO 3 (STO) substrates. The influence of oxygen partial pressure (PO 2 ) during the growth process on the accommodation of the orthorhombic LMO phase onto the cubic STO structure is thoroughly analyzed. Our results demonstrate that magnetic behaviour can be continuously tuned from a robust FM to an AF depending on the amount of structural strain accumulated in the structure. Our findings will be analysed in terms of recent theoretical calculations suggesting different orbital orderings in LMO as a function of biaxial strain.
EXPERIMENTAL DETAILS
LaMnO 3 thin films have been grown on top of (100)STO single crystalline substrates by Pulsed Laser Deposition (PLD) at substrate temperatures between 700 C and 900 C and under a wide range of background oxygen partial pressures (from 200 mTorr down to 5x10 -3 mTorr).
Laser fluence was kept constant at 0.8 J/cm 2 . The number of pulses was adjusted to obtain film thicknesses in the range of 35-45 nm. The thickness of the films was determined by x-ray reflectometry and by contact profilometry. Systematic x-ray diffraction characterization was 5 carried out in a four-angle diffractometer with a Cu-K  radiation source (X´Pert MRDPanalytical) and a Bruker D8 Advance GADDS system. Phase purity and structural quality of the films was confirmed by standard -2 diffraction measurements. The strain of the films was careful studied by performing reciprocal space maps around some selected LMO Bragg peaks. exposure to air as previously reported for manganite films. 27 Temperature dependence of the electrical resistivity of the LMO thin films is depicted in Fig. 1 (d As mentioned in the introduction, the electronic properties of LMO samples may also be affected by structural strain. In this regard, it is worth mentioning that epitaxial accommodation of the highly distorted orthorhombic LMO structure onto cubic STO substrates is not trivial. We recall that at thin film growth temperatures (T= 850ºC), stoichiometric bulk LMO crystallizes in a Pbnm orthorhombic structure with pseudocubic parameters a/√2~b/√2~c/2 ~ 0.3932 nm. 28 At 750K, a cooperative Jahn-Teller transition takes place and even the structure is still described by a orthorhombic Pbnm space group, MnO 6 octahedra are highly distorted and cell parameters change to a = 0.5533nm, b = 0.5727 nm, c = 0.7668nm (at 300K). At higher values of , the phase is no longer described by Pbnm space group and instead a rhombohedral R3c structure is found. [5] [6] [7] Due to the close competing epitaxial relationships, it is important to first determine if LMO growths with its c-axis parallel or perpendicular to the plane of the substrate as schematically indicated in Figure 2 (Figure 2(a) ).
Note that this epitaxial relationship has important implications on the analysis of the expected 9 magnetic behaviour of the films as ab-planes are lying perpendicular to the substrate and the expected staggered orbital ordering leading to the AF state will be out-of-plane arranged as schematically shown in Fig. 2 (a) .
As LMO thin films reflections are difficult to resolve from those of substrate, resolution of usual reciprocal space maps (for example, using 114 reflection) are not enough to elucidate the in-plane strain state of the LMO thin films. For this, we have performed high-resolution reciprocal space maps around hk0 reflections with grazing incidence. In this experimental configuration, low x-ray penetration minimizes the substrate signal and information on LMO thin film can be accurately obtained. However, magnetic moments are supposed to be aligned along the orthorhombic b axis that, in twinned films, is pointing out of the substrate at four possible directions forming 45º with the direction perpendicular to the film substrate. As a consequence, it is difficult to observe a clean and net AF response. This twinned structure, leading to antiferromagnetic domain walls could account also for the residual magnetic moment observed in the AF phase. In films deposited at progressively higher pO 2 , film substrate mismatch is reduced, allowing a coherent epitaxial growth of fully strained films. In this situation, strain modifies the usual Jahn-Teller distortion picture and different orbital orderings are possible. In our case, a FM-I phase is stabilized compatible with recent theoretical proposals suggesting a three-dimensional 3 2 − 2 / 2 − 2 orbital ordering 23 . Note that, in both cases, the expected orbital arrangements lead to a mixing of occupied out-of-plane and in-plane orbitals (see Figure 2) . Thus, the usual synchrotron techniques to study orbital occupancy as, for example, x-ray linear dichroism (XLD) are not longer straightforward to apply. Furthermore, the presence of twinned microstructures would make almost impossible to derive any solid conclusion about selective orbital occupancy from XLD measurements. Nevertheless, our results showed that studying the possible orbital and magnetic arrangements and the role of cooperative Jahn-Teller distortions in the parent compound LaMnO 3 and other reported FMI phases as, for example, low doped La 1-x Sr x MnO 3 deserves further attention [31] [32] .
CONCLUSIONS
In summary, we have carefully studied the epitaxial growth process of LaMnO 3 thin films on STO substrates demonstrating that the accommodation of the LMO orthorhombic structure onto STO cubic structure is a complex process that can be properly controlled by modifying the 
